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An effort is made to study the contrast in magnetic behavior resulting from minimal disorder
introduced by substitution of 2.5% Ga or Al in Mn-site of La0.9Sr0.1MnO3. It is considered that Ga
or Al selectively creates disorder within the orbital domains or on its walls, causing enhancement
of Griffiths phase (GP) singularity for the former and disappearance of it in the later case. It is
shown that Ga replaces Mn3+ which is considered to be concentrated within the domains, whereas
Al replaces Mn4+ which is segregated on the hole-rich walls, without causing any significant effect
on structure or ferromagnetic transition temperatures. Thus, it is presumed that the effect of
disorder created by Ga extend across the bulk of the domain having correlation over similar length-
scale resulting in enhancement of GP phenomenon. On the contrary, effect of disorder created by Al
remains restricted to the walls resulting in the modification of the dynamics arising from the domain
walls and suppresses the GP. Moreover contrasting features are observed in the low temperature
region of the compounds; a re-entrant spin glass like behavior is observed in the Ga doped sample,
while the observed characteristics for the Al doped sample is ascribed only to modified domain wall
dynamics with the absence of any glassy phase. Distinctive features in third order susceptibility
measurements reveals that the magnetic ground state of the entire series comprises of orbital domain
states. These observations bring out the role of the nature of disorder on GP phenomenon and also
reconfirms the character of self-organization in low-doped manganites.
PACS numbers: 75.47.Lx, 75.60.Ch, 75.40.-s
I. INTRODUCTION
The self-organized regimes of low doped manganites
forms one of the interesting area to study the correlated
behavior of spin, charge and orbitals.1 Another appealing
issue in condensed matter is the emerging similarities in
the nature of self-organized structures in different transi-
tion metal oxides. Current investigation from NMR, neu-
tron scattering and Raman spectroscopy have revealed an
orbital ordered state comprising of ferromagnetic (FM)
insulating domains separated by ferromagnetic metal-
lic walls in a single crystal of La0.8Sr0.2MnO3
2 and in
LaMnO3+δ.
3 Distinctive signatures of such self-organized
regimes, in the form of orbital domain (OD) state hav-
ing hole rich (metallic) walls separating the hole deficient
(insulating) regions, is also reflected in the bulk magnetic
measurements of La0.9Sr0.1MnO3.
4 Similar type of phase
separation in the form of stripes where the holes are
collected in domain walls separating antiferromagnetic
anti-phase domains is observed in microscopic studies on
cuprates.5 Studies on nickelates have also revealed an or-
dering consisting of charged domain walls that forms an-
tiphase boundaries between antiferromagnetic domains
due to microscopic segregation of doped holes.6 One sig-
nificant point in all these respect is that the nature of this
regime is different from the conventional FM domains
which arises purely due to minimization of magnetostatic
energy. Another important observation is that these
self-organized arrangements seems to be destroyed at
higher doping levels as is observed in cuprates where the
macroscopic phase separation between superconducting
and non superconducting phase vanishes with increase
in doping.7 Similarly, the OD state in La0.9Sr0.1MnO3
is destroyed with the increase in self-doping, however,
it changes the crystallographic structure as well.4 Hence
it would be interesting to probe the modification in the
OD state by suitable quenched disorder within the same
crystallographic structure.
Effective way to introduce disorder in manganite is
through the Mn-site substitution. Earlier studies on var-
ious Mn-site substitution have revealed that the induced
physical properties depend both on the electronic config-
uration of the dopants as well as on the change in struc-
ture arising from ionic size mismatch.8 Hence, incorpora-
tion of simple disorder without adding magnetic interac-
tions and lattice distortion, is a non-trivial task because
of complexities in manganites. Moreover, another mani-
festation of disorder is the recent observation of Griffiths
phase (GP) like singularities.9,10,11,12 Such GP regimes is
defined in between the completely disordered high tem-
perature paramagnetic (PM) region and long range mag-
netic ordering temperature. The new temperature scale
is called ‘Griffiths temperature’ (TG), where a clean sys-
tem would have its transition in the absence of disorder.13
Significantly, theoretical studies have shown the impor-
tance of correlated disorder in generating and enhanc-
ing the GP like singularity14,15, particularly around low
doping.16
The OD of La0.9Sr0.1MnO3 is supposed to be made
of Mn3+ rich domains separated by Mn4+ rich walls. In
this study, the Mn-site substitution are selected in such
2a way that they will replace either of the Mn ions with-
out changing the structure. Substitution of Al or Ga
at the Mn-site is expected to replace Mn4+ or Mn3+
respectively because of matching of ionic radii.17 Fur-
thermore, for both these cases the resultant spin and
orbital moment is zero, stressing the fact that no addi-
tional interaction in terms of spin orbit coupling arises
due to these substitutions. Though reports indicate
that non-magnetic substitutions give rise to the same ef-
fect in the resulting compounds,8 we observe contrast-
ing magnetic behavior in Al or Ga substituted (2.5%
each) La0.9Sr0.1MnO3 without change in structure. In
the parent compound GP phenomenon is observed and
this feature is not unusual as it has also been detected
in the corresponding single crystal.12 Here we show that
Ga substitution enhances the GP singularity, whereas it
disappears in the Al substituted sample. This is intrigu-
ing since these substitutions have insignificant effect on
the PM to FM transition temperature (TC). This dif-
ference is attributed to the nature of disorder created
by Ga and Al substitutions. It will be argued that the
disorder created by substitution of Ga has correlation
within the Mn3+ rich domains since it predominantly re-
places Mn3+. On the contrary, correlation of the disor-
der does not extend to the bulk when Al is substituted
since it selectively replaces Mn4+ in the hole rich domain
walls. Moreover, the low temperature region of the Ga
substituted compound show reentrant spin glass like fea-
tures. In contrast, glassy characteristics are absent in the
low temperature state of the Al substituted compound.
These contrasting magnetic state at low temperature in
the substituted compounds also arise due to the selec-
tive substitution at the domains and at their walls. All
these results, also points to the intrinsic nature of the
OD state where hole rich walls separates the hole poor
regions and disorder can be selectively created by proper
substitution.
II. SAMPLE PREPARATION AND
CHARACTERIZATION
The La0.9Sr0.1MnO3 sample (parent) is the
same as used in ref [4]. The doped sam-
ples La0.9Sr0.1Mn0.975Ga0.025O3 (2.5% Ga) and
La0.9Sr0.1Mn0.975Al0.025O3 (2.5% Al) are prepared
under the similar conditions. X-Ray diffraction studies
on the samples indicates that the entire series is crys-
tallographically single-phase and the pattern collected is
analysed by the Rietveld profile refinement.18 Estimation
of Mn3+/Mn4+ is done by iodometric redox titration
using sodium thiosulphate and potassium iodide. Home-
made setups are used to measure ac susceptibility19
and dc magnetization20, along with a commercial 14T
Vibrating Sample Magnetometer (VSM) from Quantum
design.
All the samples crystallize in orthorhombic structure
(Pbnm). Table 1 summarizes the relevant structural pa-
TABLE I: Structural and fitting parameters determined from
rietveld profile refinement of powder XRD pattern for the
sample series. S is goodness of fit. The percentage of Mn ions
was determined by redox iodometric titration.
Samples Parent 2.5% Al 2.5% Ga
a(AO) 5.5352(2) 5.5360(2) 5.5378(2)
b(AO) 5.5166(2) 5.5146(2) 5.5215(2)
c(AO) 7.7924(2) 7.7930(3) 7.7904(3)
V(AO) 237.94 237.91 238.21
S 1.25 1.27 1.19
Mn4+% 11.3 9.6 10.7
Mn3+% 88.7 87.9 86.8
rameters obtained by fitting the powder XRD data by
rietveld refinement which shows the changes in the lat-
tice parameters a, b, and c is respectively less than 0.04%,
0.08% and 0.02%. This illustrates that Al and Ga sub-
stitutions introduces insignificant changes in the struc-
ture. The percentage of Mn3+ and Mn4+ found from
iodometry shows a preferential replacement of Mn4+
with Al3+ and Mn3+ with Ga3+. Such preferential
replacement of Mn4+ and Mn3+ by Al3+ and Ga3+,
specially around lower percentage of Mn-site substitu-
tion has also been observed in other sample series like
Pr0.5Ca0.5Mn1−xAlxO3
17 and Pr0.5Sr0.5Mn1−xGaxO3
21.
III. RESULTS AND DISCUSSIONS
A. Distinctive magnetic features arising out of
selective substitution at domains and walls by Ga
and Al
Figure 1 shows the temperature dependence of the
real part of ac susceptibility (χ1
R). All samples un-
dergo a paramagnetic to ferromagnetic transition, around
the same temperature, which is characterized by a sharp
change in susceptibility near the TC . The parent and the
Ga doped sample show another fall in χ1
R at low tem-
perature which is absent for Al doped sample where a
very sharp monotonic decrease is observed in χ1
R below
TC . This shows the distinct behavior of the series having
minimal non-magnetic disorder and similar structural pa-
rameters. Even though the nature of χ1
R curve of both
the parent and the 2.5% Ga sample is qualitatively sim-
ilar, the nature of the low temperature magnetic states
are different. While the low temperature magnetic state
of the parent shows glassy behavior arising from orbital
domains, 2.5% Ga shows a re-entrant spin glass like be-
havior. On the contrary, the 2.5% Al compound shows
absence of any glassy features in the low temperature
region. The details of the low temperature behavior of
the substituted compounds will be described in the later
part of the manuscript. For the parent compound the
self-organized regimes are of the form of orbital domains
.4 Generally for a phase segregated hole rich/poor system
3it is anticipated that the doped holes to be concentrated
at the walls2 and hence for our case it is expected that
Mn4+ to be concentrated at the walls. To emphasize the
fact that the wall dynamics is modified or suppressed by
Al substitution, thermal hysteresis (TH) of ac suscepti-
bility is measured for the Al and Ga substituted samples.
Figure 2 shows the imaginary part of ac susceptibility
(χ1
I) as it is more sensitive to the domain wall dynamics
compared to χ1
R which is dominated by the volume re-
sponse of the domain. Such measurement has also been
previously used to probe the change in susceptibility be-
havior due to modification in the density of spins/holes
at the domain walls.22 The PM to FM transition is sec-
ond order in nature, hence, a TH immediately below TC
is ascribed to thermally irreversible domain wall dynam-
ics due to low field irreversible domain wall pinning in
the sample.4 From inset of Fig. 2, it is observed that
a TH is present in χ1
I for the Ga doped sample below
TC (similar to that observed for the parent compound)
while, such feature is absent for the Al doped one. This
indicates that in the later compound pinning potential
of the walls disperses, leading to a reversible behavior
in the thermal cycle. This highlights the fact that the
wall dynamics is being modified by Al substitution. For
2.5% Ga compound, the dynamics of walls is similar to
the parent as Ga preferentially replaces the Mn3+ of the
domains. Hence, the above measurements clearly bring
out the differences in the intrinsic nature of magnetic
state between the Al and Ga substituted samples, which
arise from selective substitution of the domain walls and
domains respectively.
B. Enhancement and suppression of Griffiths
phenomenon by Ga and Al substitution : Role of
correlation in disorder
An important and interesting feature observed in the
inset of Fig. 2 is the presence of a peak around 196K for
2.5% Ga compound. Such features above TC is absent for
2.5% Al sample. Henceforth, we will concentrate on the
observed contrasting feature above the TC for the two
substitutions. Recent studies by De Teresa et al.23 have
shown the presence of FM clusters in the PM phase. In
2.5% Ga compound, the occurrence of the peak around
196K suggests the presence of clusters above TC . This
peak remains unchanged with frequency of ac field (Fig.
5). However the nature of the peak changes with the vari-
ation of amplitude of ac field (Hac), as is observed from
the field dependence of χ1
I (Fig 3a). The peak in χ1
I is
associated with the magnetic losses and in this case, the
observed variation with Hac can be ascribed to the varia-
tion of cluster size. The signature of the presence of these
clusters is also observed when third order susceptibility
(χ3
R) is probed; which also shows a peak around 196K
(inset Fig 3a). To rule out superparamagnetic (SPM)
nature of these clusters, field dependence of this peak in
χ3
R is noted. This peak is seen to diverge with the de-
creasing amplitude of Hac whereas in a SPM it does not
diverge as Hac→0.
22,24 Hence, this characteristic along
with the absence in any shift in the temperature of this
peak with frequency rules out the conventional SPM be-
havior of the clusters. Another interesting feature of this
compound is observed when real part of second order
susceptibility (χ2
R) is probed. Figure 3b shows the field
dependence of temperature response of χ2
R which shows
a peak corresponding to peak temperature of 196K found
in χ1
I and χ3
R. Even order susceptibilities arise in sys-
tems in which the inversion symmetry of magnetization
(M) with respect applied field is lost i.e. M(H) 6= -M(-
H). The signature of peak in χ2
R above TC (≈ 178K)
of this sample clearly indicates the presence of clusters
with short-range ordering in the PM region. The local
anisotropy within these clusters align the moments in
a particular direction which give rise to the symmetry
breaking field required for the experimental observation
of χ2
R. Hence the features in Fig. 3b strongly suggest
that the nature of these clusters is FM-type. The peak
broadens at higher fields which arises due to the existence
of a diluted system of FM clusters resulting in diffuse or-
dering above TC . Such diffuse ordering is also present
in the parent compound indicated by a broad hump in
χ2
R around 200K, much above its TC (≈ 179K) where a
sharp peak in χ2
R is observed (inset of Fig 3b). Another
evidence of the presence of clusters above TC comes from
the zero field cooled (ZFC) and field cooled (FC) magne-
tization curves of the sample (Fig 4a). It is observed that
the bifurcation between the curves starts much above TC
i.e. from 207K whereas, in typical ferromagnet this bi-
furcation starts from TC . This feature also demonstrates
the presence of FM clusters in the PM phase which re-
sults in the bifurcation temperature being higher than
TC . Nevertheless, presence of clusters above TC is not
the sufficient condition for GP. It may be noted that non-
GP like clustered state above TC has been observed in
La1−xSrxCoO3.
25 The fundamental feature which is typ-
ical to GP is the observation of a downward deviation
in inverse susceptibility (χ−1) from Curie Weiss’s (CW)
law. Hence, to give a credible explanation to the fact
that the clustered state in our system has the charac-
teristic of a GP, inverse χ1
R is plotted as a function of
temperature (Fig. 4b). As expected, the curve shows a
negative deviation from CW law pointing the fact that
GP like features is observed in 2.5% Ga compound. The
deviation starts from 208K, which is also near to the bi-
furcation temperature (T) of ZFC and FC curve. In the
typical PM regime (T > 208K), the effective PM moment
is 4.68 µB which aggress with the theoretical value and
is also independent of applied field value. Hence, the ob-
served singularity in inverse χ1
R below 208K occur due to
the presence of FM clusters in the PM phase. It leads to
an enhanced susceptibility compared to the normal PM
susceptibility, resulting in the downward deviation in the
temperature response of inverse susceptibility. Similar
behavior is observed from the inverse dc magnetization
data which is qualitatively identical to ac susceptibility
4data showing a downward deviation from CW behavior
(Fig 4c).
This feature in the Ga substituted sample is not un-
usual since GP like feature is recently observed in the sin-
gle crystal of the parent composition (La0.9Sr0.1MnO3)
by microscopic probes.12 Moreover, the observation of
a broad hump in χ2
R around 200K (inset of Fig. 3b)
and a downward deviation from the CW law observed
in 1/χ1
R vs. T plot (Fig. 4d) confirms the presence of
GP like features in the parent compound of the present
series. Hence it can be said that addition of Ga enhances
the disorder in the parent compound resulting in a more
prominent deviation in 1/χ1
R vs. T behavior. This fact
is substantiated from the value of susceptibility expo-
nent λ deduced from the power-law10 of the form χ−1
∝ (T/TC -1)
1−λ, where 0≤λ<1 for GP. It is found that
for 2.5% Ga doped compound, λ = 0.23 (Fig. 4e), while
that for parent compound λ = 0.17 (not shown), clearly
indicating that Griffiths singularity in enhanced with Ga
substitution. The values of λ is similar to those observed
in a single crystal of La0.7Ba0.3MnO3, indicating a weak
singularity.26 However, for the Al substituted sample GP
like features are absent and it follows CW law above TC
(Fig 4f).
Hence the observed distinct behavior between Ga and
Al substituted samples highlights the fact that the pres-
ence of correlated disorder is the cause of the observed
Griffiths phenomenon. Correlated disorder implies that
when disorder is introduced, its effect is distributed in the
bulk of the system. The Mn3+ ions which constitute sig-
nificant percentage of the domains, is favorably replaced
by Ga, resulting in the effect of disorder being extended
to larger length-scale, into the bulk. Hence correlated
disorder in the form of Ga results in an enrichment of
GP phenomenon in 2.5% Ga compound. However, this
correlation in the effect of disorder is suppressed by pref-
erential replacement of Mn4+ by Al, which is in majority
at the walls. Such disorder simply modifies the wall and
its dynamics. Consequently, no GP phenomenom is ob-
served and we get a clean 1/χ1
R vs. T behavior in the
2.5% Al compound.
C. Re-entrant spin glass like behavior with Ga and
disappearance of the glassy features with Al
substitution
In this section we concentrate on the low temperature
phase of the substituted compounds. Even though some
glassy dynamics were observed in the OD state of the par-
ent compound, the behavior is not associated to conven-
tional spin/cluster glasses or to any reentrant systems.
It is well known that increase of disorder in FM or an-
tiferromagnetic ground state can give rise to frustration
leading to special behavior of spin glass (SG) like dy-
namics in the system.27 Such features are observed when
Ga is introduced in the system where the temperature
of the peak appearing at low temperature in imaginary
part of first order ac-χ (χ1
I) is frequency dependent and
the peak around Tc does not shift with frequency (Figure
5). The lower temperature peak is shifted downward in
temperature with the decrease in frequency, which is a
characteristic feature of SG dynamics arising from pro-
gressive freezing of spins. The shift of peak temperature
with frequency is fitted to power law (which follows from
dynamic scaling theory) which is of the form
τ=τ0(T/T0-1)
−zν
where τ0 is the microscopic flipping time, T0 is the char-
acteristic temperature of SG freezing, ν is the critical
exponent which describe the growth of spin correlation
length and z is the dynamic exponent which describe
the slowing down of relaxation (Inset of Fig 5). The
fit yielded zν = 5.04±0.35, τ0 = 2.5 *10−8 and T0=
99K. The values of zν and τ0, which does not match
with those reported for SG [generally zν lying between 7
to 10 and τ0 of the order of 10−10 to 10−13 for canoni-
cal SG].28 Thus it is observed that substitution of Ga in
the compound introduces some characteristic features, as
observed for SG dynamics but it cannot be associated to
any canonical SG systems.
To provide further evidence about the presence of
glassy phase, memory effect similar to Ref [4] is studied.
The experiment is carried out in 4Oe magnetic field with
temporary stops (with the magnetic field switched off)
at 110K and 95K for a waiting time 7200s. As observed
from Fig 6, a decay in magnetization (ageing effect) is
noted at the wait temperatures in cooling cycle with the
effect being significant at 110K. During the warming cy-
cle a distinct step like feature is seen around 110K in-
dicating that the system remembers its thermal history
or the magnetic state reached by the system during the
cooling cycle. Such memory effects is widely accepted as
a signature of freezing of spins.29 Moreover in our system
it is expected that long range FM ordering to be present
along with the freezing of spins in the low temperature.
Such mixed phase is the characteristic of a re-entrant spin
glass (RSG).30
Hence to probe the nature of this glassy phase, tem-
perature response of χ2
R is noted (Fig 7a). The figure,
shows a peak around PM to FM transition and a hump at
lower temperature. Presence of a significant χ2
R signal
in the low temperature region even in absence of DC field
supports the presence symmetry breaking field which is
an essential feature for the FM ordering. It is to be noted
that for a canonical SG, χ2
R is absent. Hence this mea-
surement clearly indicates the presence of mixed phase
in the sample where FM ordering coexists with SG freez-
ing. Therefore it can be said that the sample enters a
FM phase from a random PM phase and on further low-
ering of temperature it once again re-enters into a new
random phase where FM and SG ordering coexists i.e. a
RSG phase. Further, to give a decisive proof about the
presence of FM ordering in the low temperature region,
Arrott’s plot are done on the sample (Fig 7b). Extrap-
olation of the high field data to H=0 gives the non zero
5values of spontaneous magnetization. The curves in the
temperature range 85-105K clearly show the presence of
spontaneous magnetization which highlights the presence
of FM ordering in the low temperature region of the com-
pound.
The conclusive evidence about the RSG phase comes
from the behavior of χ3. This non-linear ac-χ is used
as a probing tool as it is more sensitive to the subtle
feature which may remain undetected in temperature re-
sponse of real part of first order ac-χ. The real part of
third order ac-χ (χ3
R) is usually employed to investigate
and differentiate various metamagnetic states exhibited
by different compounds.17,24 Figure 8 shows the field de-
pendence of χ3
R which shows a peak corresponding to
characteristic temperature of SG freezing (T0) at 9Oe.
As the amplitude of ac field (Hac) is decreased the peak
is rounded up unlike in typical SG, where the peak shows
a negative divergence.24 Such typical signatures of a non-
divergent peak in χ3
R is not uncommon and has also been
observed in other reentrant systems.30,31 Such contrast-
ing behavior at the freezing temperature in the SG and
RSG cases arises due to the fact that the transition is ap-
proached directly from the PM phase in the former while
it is from the FM phase in the latter case. Hence the
criticality observed in SG is not observed for RSG due to
the existence of FM ordering.
However in 2.5% Al sample, frequency dependence in
χ1
I observed below TC vanishes in the low temperature
region. Moreover no additional peak is observed at low
temperature (Fig 9), contrary to that observed in the
2.5% Ga compound. These features clearly rules out the
presence of glassy feature in the low temperature region
of this compound. Hence the observation of this section
also re-emphasizes the conclusion drawn in the previous
sections which highlights the fact that even though im-
purities are of non-magnetic nature, the disorder effect
arising out of these substituents is different. Ga prefer-
entially replacing Mn3+ of the domains, enhances both
disorder and frustration in the compound which lead to
a RSG like behavior. On the other hand, Al favorably re-
placing the Mn4+ of the Mn4+ rich walls, introduces un-
correlated disorder resulting in the suppression of glassy
dynamics.
D. Similar frequency dependence in χ3
R at low
temperature : persistence of orbital domains
Finally an important feature is observed when tem-
perature response of χ3
R of the entire series is studied
(Fig 10). It is observed that χ3
R changes its sign from
negative to positive at higher frequencies in the low tem-
perature region of the compound. The changeover in
χ3
R is generally observed around TC
32 and it arises due
to the breaking of spatial magnetic symmetry. Addition-
ally, the frequency dependent crossover of χ3
R implies
that this behavior is also dependent upon intra and inter
cluster effect.33 Such non-linear magnetic response where
the intra and inter cluster effects are separated has also
been reported for other systems.34 Generally the magne-
tization of each cluster will fluctuate and change the di-
rection with respect to each other in a certain time scale,
which is larger than the intra cluster fluctuation. So, at
higher frequencies where the probe time is less, the inter
cluster fluctuation cannot follow the excitation field and
the temperature response of χ3
R reflects the fluctuation
inside each individual clusters.
In the parent compound, the presence of a low tem-
perature structural transition35 introduces an additional
degree of freedom (orbital) owing to the change in occu-
pancy of orbitals by eg electron, which arises due to the
change of lattice constant. This leads to the reformation
of domains which results in a change in spin arrangement
within the clusters. The intra cluster ordering, which is
formed below TC is affected by orbital ordering, result-
ing in a change of spatial magnetic symmetry leading
to the frequency dependent crossover of χ3
R [Fig 10(a)].
This typical frequency dependent crossover in χ3
R is also
observed in the substituted samples (Fig 10b and 10c).
Hence this measurement clearly demonstrates that the
intrinsic magnetic configuration of the substituted sam-
ples is of the form of orbital domains in analogy to the
orbital domain state of the parent compound. Hence it
can be said that in all these compounds at low temper-
ature the intra cluster ordering is similar. The observed
contrasting magnetic features arise due to a difference in
inter cluster interactions which give rise to glassy FM be-
havior in the parent compound, RSG like features in the
2.5% Ga compound and absense of glassy characteristic
in the 2.5% Al compound.
IV. CONCLUSION
In summary, we show that, it is possible to selectively
introduce disorder either within the domains or at the
walls of the orbital domain state in a low doped man-
ganite (La0.9Sr0.1MnO3), without introducing any signif-
icant change in the structure. Preferential replacement of
Mn3+ ions by Ga introduces disorder within the Mn3+-
rich domains, having its effect extending over the dimen-
sion of the domain and is considered to be correlated on
similar length-scale. This correlated disorder enhances
the GP singularity, whereas, the effect of disorder cre-
ated by preferential replacement of Mn4+ by Al at the
hole-rich domain wall is rather restricted. The correla-
tion of such disorder remains confined to the walls; it only
modifies the wall dynamics of the system and suppresses
the singularity related to GP. In the low temperature
region of 2.5% Ga compound, RSG like features are ob-
served while glassy characteristics are absent in 2.5% Al
compound. χ3
R measurements are done to highlight the
fact that the magnetic state of the entire series are of the
form of orbital domains.
These results are significant since it becomes possi-
ble from bulk magnetic measurement to reinforces the
6nature of self-organization in the low doped manganite
and confirm that the hole deficient domains (Mn3+ rich)
are separated by hole affluent walls (Mn4+ rich). It also
shows the possibility to selectively create disorder in the
self-organized structures in different systems. Moreover,
this study may stimulate investigation on the relation
between the nature of disorder and the GP in different
systems.
V. ACKHOWLEDGEMENT
We are thankful to P. Chaddah for fruitful discussions.
DST, Government of India is acknowledged for funding
the commercial VSM. KM acknowledges CSIR, India for
financial support.
1 Elbio Dagotto Science 309, 257 (2005) and references
therein.
2 G. Papavassiliou, M. Pissas, M. Belesi, M. Fardis, J. Dolin-
sek, C. Dimitropoulos, and J. P. Ansermet Phys. Rev. Lett.
91, 147205 (2003).
3 K.-Y. Choi, Yu. G. Pashkevich, V. P. Gnezdilov, G. Gn-
therodt, A. V. Yeremenko, D. A. Nabok,V. I. Kamenev, S.
N. Barilo, S. V. Shiryaev, A. G. Soldatov and P. Lemmens
Phys. Rev. B 74, (2006) 064406.
4 K. Mukherjee and A. Banerjee Phys. Rev. B 77, 024430
(2008).
5 J. M. Tranquada, J. D. Axe, N. Ichikawa, Y. Nakamura, S.
Uchida and B. Nachumi Phys. Rev. B 54, 1003 (1996)
6 J. M. Tranquada, D. J. Buttrey, V. Sachan, and J. E.
Lorenzo Phys. Rev. Lett. 73, 1003 (1994).
7 J. H. Cho, F. C. Chou, and D. C. Johnston Phys. Rev. Lett.
70, 222 (1993).
8 S. Hebert et al. Solid State Commun 121 229 (2002) and
references therein.
9 Pak Yuen Chan, Nigel Goldenfeld and Myron Salamon
Phys. Rev. Lett. 97, 137201 (2006)
10 M. B. Salamon, P. Lin and S. H. Chun Phys. Rev. Lett.
88, 197203 (2002)
11 M. B. Salamon and S. H. Chun Phys. Rev. B 68, 014411
(2003).
12 J. Deisenhofer, D. Braak, H.-A. Krug von Nidda, J. Hem-
berger, R. M. Eremina, V. A. Ivanshin, A. M. Balbashov,
G. Jug, A. Loidl, T. Kimura and Y. Tokura Phys. Rev. Lett.
95, 257202 (2005)
13 R. B. Griffiths Phys. Rev. Lett. 23, 17 (1969)
14 T. Vojta, J. Phys. A. 36, 10921 (2003);
15 R. Sankar and Ganpathy Murthy Phys. Rev. B 36, 536
(1987)
16 G. Bouzerar and O. Cpas Phys. Rev. B 76, 020401(R)
(2007)
17 Sunil Nair and A. Banerjee J. Phys.: Condens. Matter
16,8335 (2004)
18 R. A. Young, A. Sakthivel, T.S. Moss, C.O. Paiva-Santos,
User Guide To Program DBWS-9411, Georgia Institute of
technology, Atlanta, (1994)
19 A. Bajpai and A. Banerjee Rev. Sci. Instrum. 68,4075
(1997)
20 R. V. Krishnan and A. Banerjee, Rev. Sci. Instrum. 70, 85
(1999)
21 A. K. Pramanik and A. Banerjee, J. Phys.: Condens. Mat-
ter 20,275207 (2008)
22 Sunil Nair and A. Banerjee Phys. Rev. Lett. 93, 117204
(2004)
23 J.M. De Teresa, M. R. Ibarra, P. Algarabel, L. Morellon,
B. Garca-Landa, C. Marquina, C. Ritter, A. Maignan, C.
Martin, B. Raveau, A. Kurbakov and V. Trounov Phys.
Rev. B. 65, 100403 (R) (2002).
24 A. Bajpai and A. Banerjee J. Phys.: Condens. Matter 13
637 (2001)
25 C. He, M. A. Torija, J. Wu, J. W. Lynn, H. Zheng, J. F.
Mitchell and C. Leighton1 Phys. Rev. B. 76, 014401 (2007).
26 Wanjun Jiang, X. Z. Zhou, Gwyn Williams,Y. Mukovskii
and K. Glazyrin Phys. Rev. B. 76, 092404 (2007).
27 J. A. Mydosh J. Magn. Magn. Matter. 157, 606 (1996)
28 J. Souletie and J. L. Tholence Phys. Rev. B. 32, 516 (1985)
29 E. Vincent, V. Dupuis, M. Alba, J.Hammann and J.P.
Bouchaud, Europhys.Letts 50, 674 (2000)
30 A. Chakravarti, R. Ranganathan and C. Bansal Solid State
Comm. 82 591 (1992)
31 H. P. Kunkel and Gwyn Williams J. Magn. Magn. Matter.
75, 98 (1988) and ref therein.
32 Sunil Nair and A. Banerjee Phys. Rev. B. 68, 094408
(2003)
33 Motohiro Matsuura and Makoto Hagiwara , J. Phys. Soc.
Jpn. 59, 3819 (1990).
34 Kiyotaka Miyoshi, Makoto Hagiwara and Motohiro Mat-
suura J. Phys. Soc. Jpn. 65, 3306 (1996).
35 V. E. Arkhipov, V. S. Gaviko, A. V. Korolyov, V. E. Naish,
V. V. Marchenkov, Ya. M. Mukovskii, S. G. Karabashev,
D. A. Shulyatev and A. A. Arsenov J. Magn. Magn. Mat-
ter.196, 539 (1999).
7120 180 240 300
0
2
4
6
0.6 Oe
131 Hz
 Parent
 2.5% Al
 2.5% Ga
 
 
1R
 (e
m
u/
m
ol
)
T (K)
FIG. 1: (color online) Temperature dependence of the real part of first order ac-susceptibility (χ1
R) of the parent, 2.5% Al and
2.5% Ga compounds.
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FIG. 2: (color online) (a) Thermal hysteresis (TH) of imaginary part of first order ac-χ (χ1
I) for 2.5% Al sample in 1 Oe
ac-field of 131 Hz. Inset shows the TH in χ1
I in same measurement condition for 2.5% Ga sample. The arrows point to the
PM-FM transition temperature (TC ≈ 178K) and the temperature of a peak above TC , around 196 K.
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FIG. 3: (color online) (a) Field dependence of imaginary part of first order AC-χ (χ1
I) of 2.5% Ga compound at 131 Hz. Inset
shows the field dependence of real part of third order ac-χ (χ3
R) for the same sample. b) Field dependence of the real part
of second order ac-χ (χ2
R) of 2.5% Ga sample. Inset shows temperature dependence of the χ2
R of parent compound at 9 Oe
ac-field of 131 Hz. The arrows points to the transition temperature (TC ≈ 179K) and the temperature of the hump above TC ,
around 200 K.
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FIG. 4: (color online) a) Zero Field Cooled (ZFC) and Field Cooled (FC) dc-magnetization at 9 Oe for the 2.5% Ga sample.
The arrow points the bifurcation temperature, around 207 K, between ZFC and FC curves. b) Temperature dependence of the
inverse of real part of first order ac-χ (χ1
R) at 9 Oe ac-field for 2.5% Ga sample. c) Temperature dependence of the inverse
dc-susceptibility at 9Oe dc-field for 2.5% Ga sample. d) Temperature dependence of the inverse of χ1
R at 9Oe ac-field for the
parent compound. Inset shows the magnified view around the inflexion. e)Log-log plot of the inverse of χ1
R as a function of
reduced temperature yielding susceptibility exponent λ=0.23 for 2.5% Ga sample. f) Temperature dependence of the inverse of
χ1
R at 9Oe ac-field for the 2.5% Al doped sample. Solid lines in (b), (c), (d) and (f) are Curie Weiss fit to the high-T behavior.
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FIG. 5: (color online) Frequency dependence of imaginary part of AC-χ (χ1
I) of 2.5% Ga sample. Inset : Dynamical scaling
fit of peak temperature with reduced temperature.
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FIG. 6: (color online) M-T curves during field cooling of 2.5% Ga sample. The field was switched off at two temperatures
(110K and 95K) for a waiting time of 7200 s. The M-T curve in warming mode and normal FCW curve as FCWref is also
shown. Inset shows the expanded view of the memory effect. The arrow points to step like feature observed in the warming
cycle (FCW).
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FIG. 7: (color online) (a) Temperature response of real part of second order susceptibility (χ2
R) of 2.5% Ga sample. (b)
Arrott’s plot in the temperature range 85-105K for the same. Solid lines are linear fit to the M2 vs H/M curve indicating the
presense of spontaneous magnetization.
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FIG. 8: (color online) Temperature response of real part of third order susceptibility (χ3
R) of 2.5% Ga sample. The black
arrow points to the peak temperature of 99K at 9Oe indicating spin-glass like freezing.
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FIG. 9: (color online) Temperature response of frequency dependence of imaginary part of ac-χ (χ1
I) of 2.5% Al sample. The
frequency dependence collapses in low temperature region.
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FIG. 10: (color online) Temperature reponse of frequency dependence of real part of third order of ac-χ (χ3
R) for the a) parent
b) 2.5% Ga and c) 2.5% Al compounds. All of them show crossover of χ3
R in higher frequencies.
